Shiga-toxin producing Escherichia coli (STEC) is a zoonotic pathogen that causes diarrheal disease in humans and is of public health concern because of its ability to cause outbreaks and severe disease such as hemorrhagic colitis (HC) or hemolytic-uremic syndrome (HUS) (42) . E. coli O157:H7 is the most prevalent STEC serotype associated with STEC outbreaks, HC, and HUS (20, 30, 42) ; however, more than 400 serotypes of non-O157 STEC have also been implicated in outbreaks and sporadic human disease, with about 50 of these serotypes being associated with bloody diarrhea or HUS in humans (42, 56, 69) . Internationally, the number of reported human diarrheal cases associated with non-O157 STEC (including those leading to HUS) is rising rapidly, mainly due to increased surveillance for these pathogens (13, 18, 27, 35, 61) . There is currently no standard method for identifying non-O157 STEC of significance to human health from the over 500 STEC serotypes characterized to date; therefore, the World Health Organization has highlighted the development of such a method as a public health priority (68) .
To this end, seropathotype (SPT) classification was developed to identify STEC serotypes linked to outbreaks and/or serious disease based on their relative incidences in human illness (31) . Serotypes classified as SPT A (O157:H7 and O157:NM [nonmotile]) or SPT B (O26:H11/NM, O103:H2, O111:H8/NM, O121:H19, and O145:NM) have been associated with outbreaks and HUS; however, SPT A is more frequently reported. SPT C comprises serotypes (e.g., O5:NM, O91:H21, O113:H21, O121:NM, and O128:H2) that have been associated with sporadic cases of HUS but not with outbreaks. SPT D includes the remainder of the STEC serotypes that have been reported to cause sporadic disease and have been associated with diarrhea but not HUS, and serotypes classified as SPT E have not been associated with human illness.
Several studies have identified genetic elements associated with particular seropathotypes that appear to play a role in influencing bacterial virulence (7, 10, 19, 31) . Bacterial virulence traits of STEC strains are governed by the dynamic exchange and loss of mobile genetic elements such as plasmids, transposons, insertion sequences, integrons, bacteriophages, and genomic islands (32) . These genetic loci characterize the pathogenicity of bacterial species by determining what toxins are produced and how the bacterium attaches to and invades host cells, modulates the host cell cycle and immune responses, survives in stressful environments, and produces biofilms. Many virulence loci have been characterized for STEC, including a number of pathogenicity islands (e.g., the locus of enterocyte effacement [LEE] , the locus of proteolysis activity [LPA] , the high-pathogenicity island [HPI] , the E. coli type III secretion apparatus [ETT2], the urease gene cluster, the long polar fimbrial operon, O-island 36 , OI-57, OI-71, OI-122, OI-141, and OI-154), two key virulence plasmids (pO157 and pO113), and chromosomal lambdoid bacteriophage insertions that carry genes for two types of Shiga toxin (10, 14, 29, 31, 36, 38, 39, 42, 48, 59, 63) . Variants of the genes encoding the Shiga toxins have been reported, and certain variants, including stx 2 and stx 2c , are more likely to be associated with HC and HUS (3, 15) .
A growing body of studies have analyzed the association of many of these virulence genes with severity of disease, as well as the variability of these genes among STEC serotypes (5, 10, 15, 52) . PCR-based methods can be used to detect a suite of virulence genes for an E. coli isolate. The presence or absence of these genes (binary typing) produces a genetic fingerprint for each isolate (11) . The fingerprints can be used to identify strains that have a greater potential to cause harm using a process called molecular risk assessment (10) .
We recently developed a PCR binary typing system (P-BIT) for subtyping Campylobacter jejuni based on 18 gene targets associated with epidemicity (11) . The aim of the present study was to develop a similar P-BIT system that could be used to aid in risk assessment and epidemiological studies of STEC by using gene targets that would represent a broad range of STEC virulence genes. We examined the distribution of 41 virulence genes among STEC isolates to produce "virulence bar codes" for each isolate, which were then compared to typing by pulsed-field gel electrophoresis (PFGE), bacteriophage insertion site genotyping (BISG), seropathotype (SPT), and colonization potential as determined in a bovine in vitro organ culture (bIVOC) model infection system (S. M. Brandt and S. Paulin, unpublished data).
MATERIALS AND METHODS
Bacterial isolates. Seventy-five E. coli isolates (46 O157 and 29 non-O157) from a variety of human and nonhuman sources were used in this study and are summarized in Table 1 .
DNA extraction. Isolates were grown on Luria broth (LB) (Invitrogen, Carlsbad, CA) agar for 18 to 24 h at 37°C. Three colonies were transferred into 10 ml LB and grown for 18 to 24 h at 37°C in a shaking water bath. DNA was extracted from 1 ml of broth culture using the DNeasy blood and tissue kit as per the manufacturer's instructions for Gram-negative bacteria (Qiagen, Hilden, Germany). DNA quantification was performed using a Nanodrop 1000 (Fisher Thermo Scientific, Waltham, MA). DNA was diluted to 50 ng l Ϫ1 in sterile 1ϫ
Tris-EDTA (TE) buffer (pH 7.0) (Invitrogen) and stored at Ϫ20°C. Binary typing of isolates. Forty-one gene targets for the P-BIT system were chosen based on published information regarding their role in STEC pathogenesis (Table 2 ). These included genes with an established role in facilitating infection and genes shown to be associated with human illness or severity of clinical infections. In many cases where a cluster of genes (e.g., a pathogenicity island or plasmid) had been implicated in disease, a single representative gene target was chosen. In cases where the variability of genes within a gene cluster had been associated with degrees of bacterial virulence, multiple gene targets from a particular loci were chosen. Detection of gene targets was performed using previously published PCR methods (Table 2) .
One PCR per gene target was performed in a 25-l volume containing 2.5 mM MgCl 2 , 1ϫ PCR buffer II (50 mM KCl, 10 mM Tris, pH 8.3) (Applied Biosystems, Foster City, CA), 250 M each deoxynucleoside triphosphate (dNTP), 12.5 pmol each primer, 1.25 U AmpliTaq DNA polymerase (Applied Biosystems), and 50 ng extracted DNA. Thermocycling was performed in either an ABI 9700 or ABI Veriti PCR machine (Applied Biosystems) using the following conditions: 5 min at 95°C followed by 30 cycles of denaturation at 95°C for 30 s, annealing at various temperatures specific to the gene target (listed in Table 2)  for 30 s, extension at 72°C for 30 s per 500 bp of amplicon size (listed in Table  2 ), and then a final extension at 72°C for 10 min.
PCR products were separated by electrophoresis on 2% SeaKem LE agarose gels (Lonza, Rockland, ME) with 1ϫ Tris-borate-EDTA (TBE) (USB Corporation, Cleveland, OH) running buffer for 70 min at 110 V, and amplicons were visualized using 0.5 g ml Ϫ1 ethidium bromide. The presence or absence of amplicons of the expected size (Table 2 ) was loaded into a BioNumerics version 5.10 (Applied Maths, Ghent, Belgium) database. Interstrain relationships were assessed by numerical analysis of the P-BIT data using the simple matching coefficient and Ward's clustering. P-BIT bar codes were generated as previously published (11) . Briefly, genes were divided into groups of three in the order in which they are shown in Table  3 . The PCR result for each gene was recorded as 1 if an amplicon of correct size was present and as 0 for a negative result. The result for the first gene in the group was multiplied by 1, the second by 2, and the third by 4. The results were then added together to yield a number from 0 to 7 representing the results from the three genes. The results were sequentially combined by concatenation to form a bar code.
Statistical analysis of P-BIT data. Based on the frequency of detection of genes by PCR in isolates, an association of each P-BIT target gene with O157 or non-O157 STEC isolates, human or nonhuman sources, or dendrogram clusters was determined using the chi-square ( 2 ) test. A P value of Ͻ0.05 was considered significant. Our results were then compared to expected associations of genes with O157, non-O157, or both O157 and non-O157 STEC isolates based on previously published studies ( Table 2 ). The total numbers of 24-gene P-BIT targets present in isolates from each SPT group, with HUS-or non-HUS-associated serotypes, and with outbreak-or non-outbreak-associated serotypes were compared using a Mann-Whitney U test; this statistical test was chosen because of the variable number of isolates contained in the groups being tested and because the distribution of the data was not always normal.
PFGE typing of isolates. All isolates were analyzed by PFGE using the standardized PulseNet protocol with Salmonella enterica serovar Braenderup H9812 digested with XbaI as a sizing standard (21, 54) . DNA samples were digested with XbaI and separated by electrophoresis at 6.0 V cm Ϫ1 for 20 h on a 1% (wt/vol) SeaKem Gold agarose gel (Lonza, Rockland, ME) using initial and final switch times of 2.2 and 54.2 s, respectively. PFGE profiles were analyzed and compared using BioNumerics version 5.10 and submitted to the PulseNet Aotearoa (New Zealand) E. coli database, where XbaI pattern designations were assigned.
Shiga toxin-encoding bacteriophage insertion site genotyping. A subset of 25 isolates were analyzed by a genotyping system based on the diversity of insertion sites of the stx-carrying bacteriophages (60) . A multiplex PCR was performed as previously published using DNA extracted by the method described above (67) .
RESULTS
Binary typing. Forty-one gene targets were chosen from published methods to create a PCR-based typing system that would distinguish between O157 and non-O157 STEC isolates and provide information based on virulence gene content (Table 2). Gene targets were chosen based on published information regarding a role in STEC pathogenesis or an association with human disease or severity of disease sequelae. The system included gene targets from a range of known pathogenicity islands, virulence plasmids, and gene clusters so as to provide a broad overview of the virulence gene content of an isolate of interest. Additional gene targets shown to be variable among STEC isolates were also included to provide the system with discriminatory power.
The STEC P-BIT system produced 58 types from 75 STEC isolates, including 29 O157 types from 46 isolates and 29 non-O157 types from 29 isolates. The system had an overall diversity index of 97.33% Ϯ 2.4%, with 100% discriminatory power for non-O157 isolates. The diversity index for O157 isolates was slightly lower, at 92.85% Ϯ 5.87%.
Numerical analysis of P-BIT data. Statistical analysis of the P-BIT results using the 2 test was performed to identify genes associated with O157 STEC, with non-O157 STEC, or with both O157 and non-O157 STEC ( Table 3 ). All of the genes that would be expected to be associated with O157 STEC, based on previous studies (Table 2) , were significantly associated with O157 STEC isolates (P Ͻ 0.05), except for stx 2c due to the low prevalence of this gene among the O157 isolates that were used in this study. However, stx 2c was present mainly in VOL. 77, 2011 RISK-BASED BINARY TYPING SYSTEM FOR STEC 2459 O157 isolates (n ϭ 9) in comparison to non-O157 STEC isolates (n ϭ 1). Eight of 11 genes that would be expected to be associated with non-O157 STEC, based on previous studies (Table 2) , were associated with non-O157 STEC isolates (P Ͻ 0.05), except for the genes subA, saa, and cif due to the low prevalence of these genes in the non-O157 isolates that were chosen for this study; this was not unexpected for the genes subA and saa, as they are located on a virulence plasmid associated with certain non-O157 serotypes (8, 49) . Seven of the eight genes that would be expected to be found frequently in both O157 and non-O157 STEC were prevalent (Ͼ50%) in both O157 and non-O157 STEC isolates; however, three of these genes (eivF, etrA, and pic) were significantly associated with the O157 STEC isolates used in this study. Statistical analysis of the P-BIT results using the 2 test was also performed to identify genes associated with human versus nonhuman sources. Three genes (pic, espC, and lpfA O26 ) were associated with human isolates. pic and espC were associated with both O157 and non-O157 human isolates; lpfA O26 was associated with non-O157 human isolates. ECs3737 was the only gene associated with nonhuman isolates.
Cluster analysis of P-BIT data. Interstrain relationships were assessed by preparing a cluster dendrogram of P-BIT data using the simple matching coefficient and Ward's cluster- (Fig. 1) . The 75 isolates were separated into two main branches; branch 1 comprised O157:H7 and O157:NM isolates, and branch 2 comprised all other serotypes. The O157 branch was further segregated into four clusters (clusters 1 to 4) at the 72% similarity level. The non-O157 branch was also segregated into four clusters (clusters 5 to 8) at the 42% similarity level. Non-O157 serotypes that have been associated with severe disease and outbreaks were found in clusters 7 and 8. These included serotypes commonly associated with HUS (e.g., O26: H11 and O145:NM) and less commonly associated with HUS (e.g., O84:H2, O91:H21, O113:H21, O128:H2, O130:H11, and O177:NM) (13, 19, 22, 31, 33 ). These isolates were PCR positive for many of the genes previously shown to be associated with diarrheal disease, including many associated with HUS and/or outbreaks ( Table 2 ). The gene targets associated with clusters 7 and 8, in comparison to clusters 5 and 6, by the 2 test (P Ͻ 0.05) included pic, espC, iha (LPA), eaeA (LEE), pagC (OI-122), sen (OI-122), nleG2-3 (OI-57), nleG (OI-71), agn43 EDL933 , paa, ureC, toxB (pO157), espP (pO157), lpfA O26 , and lpfA O113 .
Human and nonhuman isolates were distributed among all of the dendrogram clusters except cluster 1, which contained only nonhuman O157:H7 STEC isolates (n ϭ 9) from water, bovine, and milk sources. Cluster 6 also contained a subcluster comprised of nonhuman non-O157 STEC isolates (n ϭ 6) from beef and lamb sources. All but one isolate in both of these clusters was negative for one or both of the pic and espC genes. Statistical analysis by the 2 test confirmed that these two genes were not associated with isolates in these clusters (P Ͻ 0.005).
Comparison with other typing methods. Pulsed-field gel electrophoresis (PFGE) typing of isolates using XbaI macrorestriction of genomic DNA was more discriminatory than P-BIT typing (Fig. 1) . PFGE typing produced diversity indexes of 99.28% Ϯ 0.66% (in comparison to 97.33% for P-BIT) when comparing all 75 STEC isolates and 98.07% Ϯ 1.63% (in comparison to 92.85% for P-BIT) when comparing O157 STEC isolates only. Both P-BIT and PFGE XbaI typing were completely discriminatory for non-O157 STEC. There was good correspondence between isolates that shared PFGE XbaI types (shown in bold in Fig. 1 ) and clustering produced by P-BIT. Although PFGE XbaI typing was more discriminatory overall, P-BIT could discriminate most isolates that PFGE XbaI typing could not, except for two isolates that shared type Xb0168 and three isolates that shared type Xb0040.
Bacteriophage insertion site genotyping (BISG) also corresponded well with clusters formed by PBIT typing (Fig. 1) . BISG type 1 was mostly present in clusters 1 and 2. BISG types 3 and 5 were contained in clusters 3 and 4.
The colonization potentials of nine O157 STEC isolates had been previously characterized using a bovine in vitro organ culture (bIVOC) system (Brandt and Paulin, unpublished data). The bIVOC model infection system identified low-and high-colonizing strains using bovine colonic tissue. High-colonizing strains identified by this study were present in P-BIT clusters 1, 2, and 4 ( Fig. 1) . All of the low-colonizing strains were present in cluster 3. One high-colonizing strain was present in cluster 3; however, this strain was PCR positive for stx 2c , a defining genetic feature of isolates contained in cluster 4 and a gene that has been shown to be associated with HUS (15) .
Minimum STEC P-BIT set. A subset of 24 gene targets could discriminate O157 from non-O157 isolates and generated the same cluster groups as the full set of 41 gene targets (Fig. 2) . These cluster groupings correlated well with seropathotype classification, with SPT A located in clusters 1 to 4, SPT B and C mainly in clusters 7 and 8, and SPT D and E mainly in clusters 5 and 6.
The 24-gene target P-BIT system produced an 8-digit bar code that could be used for strain typing and risk assessment. High numbers, with 7 being the maximum, indicated PCRpositive results for many target virulence genes. Isolates classified as SPT A to C contained bar codes with high numbers at most positions, indicating potential to cause severe disease, whereas isolates classified as SPT D or SPT E had low numbers at most positions, indicating low potential to cause severe disease.
The total number of positive PCR results using the 24-gene target P-BIT system correlated with predicted STEC virulence based on the seropathotyping scheme (Fig. 3) . Serotypes classified as SPT A or SPT B had the most P-BIT targets present (averages of 16.5 and 15.3 genes, respectively), followed by SPT C (average of 10.3 genes), then SPT D (average of 6.6 genes), and lastly SPT E (average of 5.6 genes). There was no significant difference between the number of P-BIT targets present in serotypes classified as SPT A or SPT B or between serotypes classified as SPT D or SPT E using a two-tailed Mann-Whitney U test; however, there were significantly greater numbers of P-BIT targets present in serotypes associated with HUS or outbreaks (averages of 15.1 and 16.4 genes, respectively) in comparison to serotypes not associated with HUS or outbreaks (averages of 6.1 and 8.1 genes, respectively). These results established that that the STEC P-BIT system can identify high-risk serotypes of importance to public health; however, it does not discriminate between serotypes that cause sporadic cases of diarrhea and serotypes that are not associated with disease in humans.
DISCUSSION
The aim of this study was to develop a novel subtyping method for STEC that could also provide information about the potential for a given isolate to cause disease in humans. We have chosen to develop a PCR-based approach because this platform is commonly available to research and reference laboratories, does not require expensive equipment or consumables, and is not labor-intensive and because methods can easily be standardized across laboratories. By producing a simple bar code derived from the presence or absence of virulence genes as detected by PCR, P-BIT results can easily be exchanged via e-mail, collected by commonly used database programs, and compared without a need for specialized software or training. In addition, the STEC P-BIT system was built with gene targets from an array of known genomic and extrachromosomal virulence loci that are known to be distributed among O157 and non-O157 STEC isolates so as to offer complete typeability.
Phenotypic methods for typing STEC, such as serotyping and phage typing, offer limited applicability, as few laboratories are equipped to carry out the full range of O-and H-antigen serotyping and phage typing has not yet been developed for non-O157 STEC (28) . Octamer-based genome scanning (OBGS), lineagespecific polymorphism assay (LSPA), single nucleotide polymorphisms (SNPs), and microarray analysis are molecular methods with the potential for high discriminatory power; however, protocols have not been developed for application of these methods to non-O157 STEC, and expensive sequencing or microarray scanning equipment is required (28) . Random amplification of polymorphic DNA (RAPD) typing is a simple and inexpensive PCR-based method that has been developed for both O157 and (28) . Pulsed-field gel electrophoresis (PFGE), and amplified fragment length polymorphism (AFLP) are highly discriminatory typing methods that are suitable for subtyping O157 and non-O157 STEC; however, these methods are labor-intensive and require expensive equipment and software to facilitate comparisons of strain types (28) . Multiple-locus variable-number tandem-repeats analysis (MLVA) is highly discriminatory, rapid, and low-cost; however, standard protocols for O157 STEC have not yet been agreed upon, and only one protocol has been developed for a non-O157 serotype, O26 (28) . Of these methods, PFGE is the most commonly used STEC subtyping method and has provided essential strain identification for disease surveillance and outbreak investigations (28) . Our results indicate that PFGE typing using XbaI macrorestriction of genomic DNA is more discriminatory for O157 STEC than P-BIT; however, the two typing methods had equal discriminatory power for non-O157 STEC. Some correspondence was observed between PFGE XbaI type relatedness and P-BIT profile relatedness, which is not unexpected as both methods are dependent on the genomic content of strains. P-BIT was able to discriminate some strains that PFGE was not and vice versa, suggesting that the two subtyping methods may be suitable to use in tandem, especially given that although PFGE is more discriminatory, P-BIT results can be obtained faster and indicate seropathotype along with virulence potential.
The strength of P-BIT is the ability to subtype in conjunction with a broad assessment of STEC pathogenicity that can be used for all STEC isolates. P-BIT had a high discriminatory power for STEC, including O157 STEC, which is a challenging organism to subtype due to the clonal relatedness of strains (66) . Cluster analysis of P-BIT results identified clusters of strains that based on SPT classification have been more frequently associated with outbreaks and severe disease (clusters 1 to 4, 7, and 8) and clusters of strains that have been reported less frequently or have not been involved in human disease (clusters 5 and 6). In addition, statistical analysis of P-BIT results identified genes associated with human or nonhuman isolates. This information was used to build a minimum P-BIT system comprised of 24 gene targets that was as discriminatory as the full gene system and generated the same cluster dendrogram.
The 24-gene target P-BIT system produced a genetic fingerprint of STEC virulence by detecting genes that have been associated with outbreaks and severe disease, including the LEE, OI-36, OI-57, OI-71, OI-122, pO157, the long polar fimbrial operon, the urease gene cluster, stx 1 , and stx 2 . We recognize that P-BIT data provide indicative but not absolute data regarding the presence or absence of a gene, as sequence variation of target genes at the site of primer annealing might result in a false-negative PCR result. This is a compromise to build a rapid, low-cost system for assessing virulence and strain type.
Molecular risk assessment for non-O157 STEC has greatly advanced due to a number of recent studies that found a strong association between the presence of non-LEE effectors (nle) located in STEC O islands with serotypes classified as SPT A to C, and thereby also associated with outbreaks and HUS (7, 10, 19, 23, 31) . Our results supported these findings, and there- To this end, P-BIT bar codes used in combination with P-BIT clustering can, in principle, be used for risk assessment of isolates based on P-BIT type and on whether the isolate clusters with other isolate types known to be associated with outbreaks or severe disease. We have demonstrated that 24-gene P-BIT clustering corresponds well with SPT classification. The true test for the P-BIT typing system as a risk assessment tool will come when it is routinely used side by side with other established typing methods, such as PFGE, to analyze clinical isolates, investigate outbreaks, and attempt to establish attribution.
In addition to comparison with epidemiological data, molecular risk assessment will be improved through more work comparing genetic fingerprints with phenotypic characteristics of isolates, especially traits involved in bacterial pathogenesis. P-BIT clustering was compared with a recent study characterizing the colonization potentials of a small number of O157 STEC isolates in a model bovine infection system (Brandt and Paulin, unpublished data). Isolates with low potential for colonizing bovine tissue were all located in cluster 3. This suggests that genetic determinants specific to cluster 3 may be associated with reduced colonization of cattle tissues. Interestingly, isolates in cluster 3 were of BISG types 3 (n ϭ 3) and 5 (n ϭ 1). These BISG types are frequently found in cattle around the world, apart from Australia and Germany (67) . The prevalence of these BISG types in New Zealand cattle is unknown. Also, since certain O157 phage types have been found more frequently in animals than in humans (40, 55) , further evaluation of P-BIT clustering with O157 phage typing could reveal that cluster 3 and the nonhuman cluster 1 correspond to particular O157 phage types associated with animals.
In conclusion, the STEC P-BIT typing system offers subtyping in a rapid, low-cost format and enables STEC strains to be assessed for the potential risk to public health. Molecular risk assessment is a useful tool to aid in public health surveillance and outbreak investigations; such uses could include providing information to help public health officials gauge the level of mobilization of resources required to address a potential threat, as well as a tool to monitor over time the emergence of new potentially dangerous STEC strains. Molecular risk assessment can also be used for source attribution and can provide important information for targeted intervention along the farm-to-fork continuum. Such tools are of paramount importance to address the increasing public health concern about non-O157 STEC.
